We examine closely the models, methods and conclusions of Doncaster and Woodro e (1993; Oikos, 66, 88-93) who argued that den or main sett sites of clans of badgers, Meles meles, are particularly important in determining territory shape and size, and hence in uence the size of social group. We consider a realistic alternative hypothesis which allows the key assertion by Doncaster and Woodro e to be directly tested. We show that a Dirichlet tessellation model that does not give a major role to the main setts ts data from several studies|two of those considered by Doncaster and Woodro e, and a more recent and extensive one|signi cantly better than Doncaster and Woodro e's model. For the majority of territories, especially in the most extensive data set, di erences in territory shape and size under the two models are substantial, suggesting that a di erent biological mechanism is at work, as well as or instead of dependence on main sett locations. 
Introduction
The question of what determines the size and con guration of Eurasian badger, Meles meles, territories, and the linked question of what determines the size of their social groups, has widespread theoretical interest. This is because the badger has become a major example of that class of vertebrates which live in territorial communal groups without obvious evidence of cooperation. Attempts to explain badger social organisation (e.g. Kruuk, 1978 Kruuk, ,1989 ) have led to general hypotheses seeking to explain group-living by non-cooperators (Macdonald 1983, Carr and Macdonald 1986) . Amongst these, the Resource Dispersion Hypothesis considers how the pattern of resource availability might independently a ect both territory size and group size (e.g. Macdonald and Carr 1989) . Some strengths and weaknesses of this and other hypotheses as explanations of badger group territoriality have been reviewed by Woodro e and Macdonald (1993) . Most attention has been devoted to the possibility that the dispersion of food resources was the ultimate determinant of both territory size and group size. However, Doncaster and Woodro e (1993) fruitfully broadened the debate by proposing that badger territories were con gured around their communal dens, called setts. Badger setts are dug only in certain soil conditions, and are elaborate structures (e.g. Neal and Cheeseman, 1996) . In some populations, there is classically only one main sett per territory. In shifting the focus of discussion regarding badger territoriality from food to setts, Doncaster and Woodro e (1993) raised general issues about the evolution of sociality in these carnivores. The aim of the current work is to suggest a generalisation of their model, to compare it with extensive data (including some of the data used by Doncaster and Woodro e) and to consider its implications.
Their model makes use of the idea of a Dirichlet tessellation (see e.g. Stoyan et al., 1987 ) of a at surface (here representing the region occupied by a badger population). The Dirichlet tessellation is a mathematical construct, de ned in terms of a collection of points on a surface, often known as centres. These centres divide the region into convex polygons, one per centre, each consisting of those points nearer to that centre than to any other.
The model given by Doncaster and Woodro e (1993) hypothesises that the spatial con guration of badger territories can be represented by the Dirichlet tessellation generated by the main setts for those territories. This led them to suggest that the location of the sett -clearly a structure of major importance -determined the geometry of badger territories.
It is useful to split this hypothesis into two parts. First, note that any set of centres de nes some Dirichlet tessellation of a region. In particular, if we take one arbitrary point associated with each territory and consider the Dirichlet tessellation of these`centres', we have a possible model for the spatial con guration of the territories. On the other hand, not every possible map of the territories|in fact, not even every possible mosaic of convex polygons|forms a Dirichlet tessellation. So the assertion that territories form a Dirichlet tessellation, with unspeci ed centres, is not an empty one.
The centres, as de ned here, have a speci c geometrical rôle, and do not necessarily have any direct biological interpretation. However, the Doncaster and Woodro e model further asserts that the centres de ning the territories coincide with the main setts in the territories|which clearly are biologically important in their own right.
The borders of the territories are not directly observable: however, the latrines used by the badgers, which can be observed, are known in some populations to occur near to the edges of the territories (e.g. Kruuk 1978, Stewart et al. in press) . To relate the model to data, we must regard it as a model for latrine locations.
To summarize, the three elements of the Doncaster and Woodro e model are:
1. territories form a Dirichlet tessellation; 2. the centres (in the Dirichlet sense) of the territories correspond to the observed main setts; 3. the latrines occur near to the edges of the territories. This model is in fact closely related to the`necklace' model proposed by Myles et al. (1994, Section 2.4) for the locations of reinforcing particles round the edges of`globules' of metal, in a type of composite material known as a metal matrix composite. (More precisely, Myles et al. were considering models for the observable two-dimensional cross-section through a three-dimensional structure.) In their model, the particles were assumed to be distributed along the borders, either uniformly or according to some clustering process. They also considered brie y the case where particles were not necessarily constrained to be exactly on these boundaries.
Tests by Doncaster and Woodro e
To test the model, the observed locations of the latrines must be compared with the predictions of Doncaster and Woodro e (1993) and of suitable alternative models. Doncaster and Woodro e make comparisons with two alternative models. They test point (1) above, by comparing their Dirichlet model with an alternative model in which territory borders are allowed to be curved, rather then straight, and hence territories are not necessarily convex. Doncaster and Woodro e consider that the alternative model in this test is the Johnson-Mehl tessellation (Johnson and Mehl, 1939, or e.g. Stoyan et al., 1987) , which has boundaries which are segments of hyperbolae, but in fact the procedure they describe, comparing ratios of distances (or di erences of logged distances) does not relate to that model. Instead, it corresponds to the multiplicatively weighted Dirichlet tessellation, in which, for example, boundaries are circular arcs (see e.g. Boots, 1986) . All references to the Johnson-Mehl model in Doncaster and Woodro e should be to the multiplicatively weighted model instead. In particular, the results of the comparison by Doncaster and Woodro e suggest that in ve out of the six samples tested, the multiplicatively weighted model gives the better t (rejecting the null hypothesis of a Dirichlet model at the 1% level).
Doncaster and Woodro e also compare their model with a random scattering model for latrines. Their scattering model has latrines`scattered at random within the convex polygon de ned by observed latrines, and repelled from main setts.' The form of the repulsion is intended to ensure`that the mean distance from latrines to the nearest sett in the simulations was the same as that in the real data set'. They perform a hypothesis test which shows that border latrines are closer to the edges of the Dirichlet tessellation, de ned by main setts, than would be expected under random scattering.
Our main point here concerns the nature of the random scattering alternative against which Doncaster and Woodro e test their model. The random scattering model does not incorporate the assumption (3) above that latrines occur close to some set of boundaries -in fact, it does not involve any concept of boundaries. As such, it is appropriate mainly as the alternative in a test of point (3) i.e. a test of the idea that latrines follow some sort of one-dimensional boundary, rather than being randomly scattered over a twodimensional set.
The comparisons made by Doncaster and Woodro e leave untested the assumption (2) that the locations of the centres of the Dirichlet regions correspond to the main setts. Biologically, this idea, namely that territories are con gured around setts, is particularly interesting and therefore in the next section, we consider the testing of assumption (2).
A more technical point concerns the contrast between the actual data available and the data simulated in the test. While the simulated data come uniformly (prior to the rejection process) from the whole region, it is clear that the observational data are not uniformly distributed along boundaries: there are clusters of latrines along some boundary segments, while others have no observations. Indeed, Stewart et al. (in press) have shown that the relative sizes of neighbouring social groups, and the distance to the sett, are amongst the factors that a ect the number of latrines in a given section of border. This clustering makes fair comparisons between models rather di cult (see Appendix A for a fuller discussion).
The description by Doncaster and Woodro e of their random scattering model concerns the mean distance of a simulated latrine from the nearest main sett. This will depend (in a rather complicated way|see Appendix B) on both the function used for rejection probability and the distribution of the distance from a random location to its nearest main sett. Thus the choice of the parameter k described by Doncaster and Woodro e will not in general give the mean latrine-sett distance they sought, although a suitable choice of k would do so.
Testing the locations of territory centres
A natural alternative to the Doncaster and Woodro e model is that the latrines do follow the edges of a Dirichlet tessellation, but one in which the centres of tiles do not correspond to main setts. We have tted a model in which the centres of the territories were treated as (two-dimensional) parameters to be estimated. The distance from each latrine to the nearest border was taken to be normally distributed; locations of the latrines along the borders were not explicitly modelled, e ectively conditioning on the observed locations (Appendix A). Note that this approach assumes that the number and approximate location of territories are known: this seems entirely appropriate here, since the setts and badgers themselves are observable, but would not fully resolve the problem if the latrine locations were the only observations available. The model was tted by maximum likelihood, using a standard numerical maximisation routine (`nlmin' in S-Plus) with the Dirichlet borders (which have to be re-determined at each step in the maximisation) calculated using the iterative algorithm of Lee and Schacter (1980) , as implemented by Turner (see Acknowledgements).
The tting is carried out under the constraint that the con guration of territories produced must have exactly one main sett in each territory; con gurations that violate this condition are clearly inconsistent with the information available.
Since the model with estimated centres for the territories includes the Doncaster and Woodro e model as a special case it is possible to carry out a generalized likelihood ratio test (see e.g. Cox and Hinkley, 1974) of the null hypothesis that the true centres of the tiles are the main setts. This test can be carried out for one territory at a time, keeping all other territories xed, or for all territories in a given sample simultaneously; in the latter case, the alternative hypothesis is that at least one centre in the sample does not coincide with the sett. The standard 2 approximation is used to test signi cance. A further test which would be desirable, but which we have not carried out because of its extra computational complexity, would involve an alternative in which territories had shapes based on a multiplicatively weighted model, and centres to be estimated.
Results
The results here are based on the analysis of three samples of territories, two of the data sets used by Doncaster and Woodro e (1975 data from Wytham (Fig. 6 of Kruuk, 1978 ; 16 setts and 124 latrines) and 1981 data from Speyside ( Fig. 1(c) of Doncaster and Woodro e (1993) ; 8 setts and 29 latrines), and a much larger, more recent data set (Wytham, 1993/4/5; 24 setts and 202/158/157 active latrines in the three years respectively).
The results are summarised in Figures 1 to 6 . Each gure shows latrines, setts and tted centres for a Dirichlet tessellation Each gure also shows one of the two tessellations considered for each data set, that based on setts and that based on the best-tting centres.
Speyside
There is very strong evidence ( 2 49.1 on 16 degrees of freedom; p < 0:0001) that a Dirichlet tessellation based on centres other than the setts would be a better t to the observed locations of latrines than a Dirichlet tessellation based on the setts themselves.
The average (root-mean-square) distance from a latrine to its nearest border is 470m using Dirichlet borders with setts as centres, but only 200m using Dirichlet borders with the best tting centres. The distances between setts and corresponding tted centres vary considerably; of the 8 centres, two were essentially unchanged (moved less than 10m), one moved 840m and the remaining 6 moved between 150m and 340m. Wytham, 1975 Results here are broadly similar. Again, a Dirichlet tessellation based on the setts is rejected in favour of other centres ( 2 126 on 32 degrees of freedom; p << 10 ?12 ). The average (root-mean-square) distance from a latrine to its nearest border is 160m using Dirichlet borders with setts as centres, but only 
Wytham, 1993-95
Having analysed each of the three years of data separately, we found a consistent result that was unchanged by combining all three years of data. Therefore we present here the analyses based on merging the latrine data over the three years, e ectively assuming that territories have not moved over that period. Thus we have 24 setts and 517 latrines. A tessellation based on the setts is overwhelmingly rejected in favour of other centres ( 2 466 on 48 degrees of freedom; p << 10 ?15 ). The average (root-mean-square) distance from a latrine to its nearest border is 110m using Dirichlet borders with setts as centres, but only 60m using Dirichlet borders with the best tting centres. The distances between setts and corresponding tted centres vary from 45m to 600m.
Discussion
The conclusion that the locations of setts determine the geometry of badger territories, as suggested by Doncaster and Woodro e, relies on the identication of the centres of territories (i.e. the points generating the Dirichlet polygons) with the main setts. Our results show that this identi cation does not follow from the observed data, and that an alternative model ts the data signi cantly more closely.
Both sets of tessellations incorporate the arti cialities that arise because of the incomplete information on territories near the edges of the study regions. The Dirichlet tiles representing such territories are in fact in nite in both models; this obviously does not re ect reality, but means that boundaries are undetermined for territories with some unobserved neighbours. This phenomenon is unlikely to a ect the t of either model, since there are few latrines observed that appear to be near such indeterminate boundaries; however, a possible re nement of our approach is to down-weight the in uence of any such latrines. Note also that the tessellation models using tted centres shown in Figs. 2, 4 and 6 are not necessarily the best possible within the class considered, because of the di culties of numerical optimisation in this problem. Nor do they incorporate information other than that given by latrine locations, such as ownership of subsidiary setts. Nevertheless, they su ce to show that the model with setts as centres can readily be improved upon. The formal hypothesis tests described in Section 3 consider a very precise null hypothesis, that Dirichlet centres coincide exactly with main setts, and overwhelmingly reject it in each case. Such results do not in themselves rule out the applicability of a more realistic model related to that of Doncaster and Woodro e, for example one in which borders are perturbed from the exact predictions of the Dirichlet tessellation of the setts by local features of the environment. To examine this possibility, we need to consider the magnitude of the di erences between the tessellations of setts and of tted centres.
The two tessellations being compared are clearly related, as can be seen from all the gures. This similarity is to some extent dictated by the constraint, mentioned above, that each territory must contain exactly one main sett. However, in the Speyside and Wytham 1975 data sets in particular, there seems to a distinct tendency for both the main setts and the tted Dirichlet centres to be fairly close to the geometrical centres of the territories.
On the other hand, in the Wytham 1993-95 data, and in some cases in the smaller data sets, there are very di erent arrangements of the setts and the centres. In the majority of cases, across all data sets, the actual distances between centres, summarised in 4, are large enough to be important on the scale of the territories that they determine, and not merely statistically signi cant. In some cases territory sizes and shapes are quite di erent, and there are also changes in contiguity i.e. in which territories have common boundaries.
Our results therefore show that the territory boundaries, in so far as they can be inferred from latrine locations, conform more closely to an alternative Dirichlet model than to the model of Doncaster and Woodro e. For some territories, a variant of Doncaster and Woodro e's model which allows for perturbation of boundaries may be appropriate; for the majority, especially in the most extensive data set, we would argue that a substantially di erent tessellation is needed, and that therefore a di erent biological mechanism is at work.
While the tted centres do not have the same direct biological interpretation that the setts obviously do, it would be interesting to explore their relationship with, for example, patterns of food resources. In addition, their con gurations as shown in the gures are of interest in their own right. The surprisingly common occurrence of pairs of centres very close together, and therefore very close to their common boundary, suggests that for some clans, location relative to one other clan is particularly important in determining territory. It also reinforces the notion that a`centre' in the sense used here need not be near the geometrical centre of its Dirichlet tile.
This line of thought is relevant to the mechanism proposed by Stewart et al. (1997) , whereby border latrine placement and use signals food resource depletion to neighbouring groups. This Passive Range Exclusion (PRE) hypothesis gains some support from the empirical nding that latrines occur at highest densities where intruder pressure is likely to be greatest (Stewart et al. in press) , and this same phenomenon may underlie the focus of Dirichlet centres close to borders.
There are a number of ways in which one might explore this topic further. A more sophisticated approach, which takes into account information from main sett locations in a more explicit way, without assuming them to be the centres of Dirichlet tiles, is made possible by the methodology developed by Blackwell (1998) . The approach there would allow a more direct investigation of the uncertainty in the location of the centres, which would shed light on the possibility of a model based on main setts perturbed by e.g. local habitat features. It also allows a more sophisticated model for distribution of latrines given the boundaries, to re ect the fact that not all latrines are found close to boundaries.
A nal improvement would be a more exible approach to combining the data from di erent years from Wytham; a model in which some boundaries changed gradually over time is a possible alternative to the present set of assumptions.
However, even without these re nements, several biological conclusions can already clearly be drawn. First, the question of why badgers live in groups is a speci c instance of the major evolutionary question of why seemingly non-cooperative species form territorial groups (e.g. Macdonald 1983 ). Regarding badgers, this question has been discussed, for example by Kruuk (1989) and Woodro e and Macdonald (1993) . Several hypotheses suggest that the answer lies in the distribution of resources (Kruuk 1989, Carr and Macdonald 1986 ). These resources were generally thought of as being food, but Doncaster and Woodro e (1983) contributed signi cantly to the debate by raising the possibility that the sett was the crucial resource in question. Indeed, Roper (1992) has shown that setts do require a huge e ort in construction, and Stewart et al. (1999) further emphasise the signi cance of this resource in badger society. Nonetheless, notwithstanding the importance of their communal sett to badger groups, the analysis we present here indicates that the precise location of the sett is not necessarily a crucial factor in determining the geometry of badger territories. Indeed, observations in the eld are in accord with the analytical conclusion; in our study area at Wytham, badgers have indeed dug several new major setts in recent years and while these elaborate structures clearly take substantial e ort to create, big excavations can be dug in a matter of days and it seems unlikely that that e ort generally places a substantial constraint on badger society. describe, could occur as a side-e ect of the distribution of latrines between di erent sized territories, and need not imply anything about the distances from latrines to borders.
There are two ways round this. One is to try to model the actual locations of the latrines in the observed data, not just their distances from boundaries. For example, Myles et al. (1994) in their`necklace' model, consider independent uniform locations along each boundary or locations following an inhibition or cluster process: looking at the observed latrine locations, some sort of clustering along borders seems most appropriate. The other is to regard the locations of the latrines`along' the boundaries as xed by the data, or more precisely, to`condition' on that component of the location when carrying out statistical inference. This is the approach used in our statistical analysis above; it could also be used as the basis of simulations from an alternative model of latrine-boundary distances.
B Mean distance
The distribution of distances of latrines from setts in the scattering model will have probability density function f(x) / p(x)g(x); x > 0; where p(x) is the acceptance probability at radius x, and g( ) is the probability density function of the distance from a random location to its nearest main sett. Thus, in the form proposed by Doncaster and Woodro e, we have p(x) = 1 ? e ?kx ; x > 0:
The exact form of g( ) will depend on the data-set; clearly it will be monotonically decreasing, because of the convexity of the tiles in the tessellation. There is no simple relationship between the distance x at which p(x) = 0:5 and the mean distance from the sett of an accepted point, given by 
